ABSTRACT: We report a novel synthetic strategy of polymer−drug conjugates for nanoparticulate drug delivery: hydroxyl-containing drug (e.g., camptothecin, paclitaxel, doxorubicin and docetaxel) can initiate controlled polymerization of phenyl O-carboxyanhydride (Phe-OCA) to afford drug−poly(Phe-OCA) conjugated nanoparticles, termed drug−PheLA nanoconjugates (NCs). Our new NCs have well-controlled physicochemical properties, including high drug loading, quantitative drug loading efficiency, controlled particle size with narrow particle size distribution, and sustained drug release profile over days without "burst" release effect as observed in conventional polymer/drug encapsulates. Compared with polylactide NCs, the PheLA NCs have increased noncovalent hydrophobic interchain interactions and thereby result in remarkable stability in human serum with negligible particle aggregation. Such distinctive properties can reduce the premature disassembly of NCs upon dilution in the bloodstream and prolong NCs' in vivo circulation with the enhancement of intratumoral accumulation of NCs, which has a bearing on therapeutic effectiveness.
INTRODUCTION
The past several decades have witnessed the explosive development of polymeric nanomedicines for cancer diagnosis and treatment, 1−4 among which polymeric nanoparticles (NPs) have attracted much interest. 5−8 Poly(lactic acid) (PLA) is one of the most widely used polymeric materials because of its excellent safety profile, tunable degradation kinetics and ease of synthesis.
9−11 PLA/drug NPs can be readily prepared via coprecipitation of PLA and drugs. 12, 13 However, this method may result in PLA NPs with formulation issues that are difficult to address, such as "burst" drug release, low drug loading and loading efficiency, and heterogeneous compositions.
14 These formulation challenges present bottlenecks for the clinical translation and applications of PLA NPs. 15, 16 To address these challenges, we developed drug−PLA nanoconjugates (NCs) through drug-initiated ring-opening polymerization (ROP) of lactide (LA) followed by nanoprecipitation of the resulting drug−PLA conjugates. 17, 18 Drug− PLA NCs have nearly 100% loading efficiency, well-controlled release kinetics with negligible "burst" drug release effects, and narrowly distributed particle sizes. 19 Because drug−PLA NCs are prepared via the precipitation of the drug terminally conjugated PLA, the drug loading of NC is essentially the same as the drug content in the linear drug−PLA conjugate. To achieve high drug loading, it is essential to prepare drug−PLA conjugate with a very short, low molecular weight (MW) PLA chain. However, nanoprecipitation of drug−PLA with lowered MW results in enlarged sizes and reduced stability of NCs because of decreased interchain interactions of the drug−PLA conjugates. In attempts to prepare in vivo applicable NCs with stably surface-coated poly(ethylene glycol) (PEG) via the coprecipitation of drug−PLA conjugate and mPEG−PLA, low hydrophobic interaction between the low-MW drug−PLA and mPEG−PLA leads to NCs with reduced stability of PEG shell, increased tendency of particle disassembly upon post-injection dilution, and increased possibility of particle aggregation because of depletion of PEG shell.
To prepare structurally stable NCs with low MW (thus high drug-loading) drug−polymer conjugates, one possible solution is to increase the hydrophobicity of the polymer. 20 However, the side-chain methyl groups of PLA cannot be further modified, which makes it difficult to modulate PLA hydrophilicity/hydrophobicity. 21, 22 Thus, it would be interesting to develop new monomers to synthesize PLA-like materials with enhanced hydrophobic interactions to be potentially used for making drug−polymer NCs with high drug loadings. Natural amino acids serve as a rich renewable resource for the preparation of biomaterials. 23−25 Given the structural similarity between amino acids and α-hydroxyl acids, the attempt to synthesize 1,3-dioxolane-2,5-dione or O-carboxyanhydride (OCA) from phenylalanine that has a hydrophobic side chain (Phe-OCA, Figure 1a ) and polymerize it to make PLA-like materials bearing hydrophobic phenyl side chains has attracted our interest.
Herein, we report a scalable and concise synthetic strategy to prepare polymeric NCs with enhanced hydrophobicity derived from phenylalanine. Camptothecin (Cpt) was used as a hydroxyl-containing drug to initiate the polymerization of Phe-OCA to prepare Cpt−poly(Phe-OCA) conjugates, termed Cpt−PheLA n , where n is the degree of polymerization. Followed by nanoprecipitation, Cpt−PheLA n self-assembled in water and formed NCs with well-controlled physicochemical properties. The high drug loading, narrow-distributed particle size, sustained drug release profile and controlled cytotoxicity of Cpt−PheLA n NCs were well characterized. Increased hydrophobicity of the PheLA n chain enhanced noncovalent chain− chain interactions of the Cpt−PheLA n conjugates and substantially improved Cpt−PheLA n NC stability in electrolyte solution even upon dilution. The use of such high drug-loading NCs could potentially improve NC's pharmacological properties including prolonged in vivo circulation and improved tumor accumulation, as indicated by our preliminary 64 Culabeled biodistribution study.
MATERIALS AND METHODS
2. 1. General. β-Diimine (BDI) ligands and the corresponding metal complex (BDI-EI)ZnN(TMS) 2 were prepared by following the published procedure 26 and stored at −30°C in a glovebox. Anhydrous solvents were purified by alumina columns and kept anhydrous by using molecular sieves. Paclitaxel (Ptxl), docetaxel (Dtxl) and 20(S)-camptothecin (Cpt) were purchased from LC Laboratories (Woburn, MA, USA) and stored at −30°C in a glovebox prior to use. Doxo·HCl was purchased from Bosche Scientific (New Brunswick, NJ, USA) and used as received. Removal of HCl of Doxo·HCl was achieved by following the procedure reported in the literature. 27 All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received unless otherwise noted. The MWs of PheLA n were determined by gel permeation chromatography (GPC, also known as size exclusion chromatography (SEC)) equipped with an isocratic pump (Model 1100, Agilent Technology, Santa Clara, CA, USA), a DAWN HELEOS 18-angle laser light scattering detector and an Optilab rEX refractive index detector (Wyatt Technology, Santa Barbara, CA, USA). The wavelength of the HELEOS detector was set at 658 nm. The size exclusion columns (Phenogel columns 100, 500, 3 and 10 4 Å, 5 μm, 300 × 7.8 mm, Phenomenex, Torrance, CA, USA) used for the analysis of polymers or polymer−drug conjugates were serially connected on the GPC. The GPC columns were eluted with THF (high-performance liquid chromatography (HPLC) grade) at 40°C at 1 mL/min. HPLC analyses were performed on a System Gold system equipped with a 126P solvent module and a System Gold 128 UV detector (Beckman Coulter, Fullerton, CA, USA) equipped with a 126P solvent module, a System Gold 128 UV detector, and an analytical C18 column (Luna C18, 250 × 4.6 mm, 5 μ, Phenomenex, Torrance, CA, USA). The NMR studies were conducted on a Varian UI500NB system (500 MHz). The critical micelle concentration (CMC) was determined by a fluorescence spectrometer (Perkin-Elmer LS55 fluorescence spectrometer, Wellesley, USA) with Nile Red as the fluorescence probe. The sizes and the size distributions of the PheLA n NCs were determined on a ZetaPALS dynamic light scattering (DLS) detector (15 mW laser, incident beam = 676 nm, Brookhaven Instruments, Holtsville, NY, USA). Lyophilization of the NCs was carried out on a benchtop lyophilizer (FreeZone 2.5, Fisher Scientific, USA). The MCF-7 cells (ATCC, Manassas, VA, USA) used in the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay were cultured in Dulbecco's modified Eagle medium (DMEM) containing 10% fetal bovine serum, 1000 units/mL aqueous penicillin G, and 100 μg/mL streptomycin. Female athymic nude mice (6−8 weeks) were purchased from National Cancer Institute (NCI, Frederick, MD, USA). Ad libitum feeding was provided. Light was provided in a 12/12-h light/dark cycle. The study protocol was reviewed and approved by the Illinois Institutional Animal Care and Use Committee (IACUC) of University of Illinois at Urbana− Champaign.
2.2. Preparation and Characterization of Drug−PheLA n Conjugates. In a glovebox, Cpt (3.5 mg, 0.01 mmol) was dissolved in anhydrous tetrahydrofuran (THF, 300 μL) and mixed with a THF solution (500 μL) containing (BDI-EI)ZnN(TMS) 2 (6.5 mg, 0.01 mmol). The mixture was stirred for 15 min. Phe−OCA (192.4 mg, 100 equiv) was dissolved in THF (2 mL) and added to the stirred (BDI-EI)ZnN(TMS) 2 and Cpt solution. The reaction proceeded in the glovebox overnight. The conversion of Phe−OCA was determined by FT-IR by monitoring the disappearance of Phe−OCA anhydride band at 1812 cm −1 ( Figure S3 ). After Phe−OCA was completely consumed, the reaction was stopped by quenching the polymerization solution with cold methanol solution (300 μL). The polymer was precipitated with ether (50 mL), collected by centrifugation, and dried by vacuum. The molecular weight and molecular weight distribution (MWD = M w /M n ) of Cpt−PheLA n were accessed by GPC (Table 1) . Ptxl−PheLA n (Doxo−PheLA n or Dtxl−PheLA n ) conjugate were prepared by following the similar procedure as described above by using the corresponding drug as the initiator for the polymerization of Phe−OCA in the presence of (BDI-EI)ZnN(TMS) 2 .
2.3. Synthesis of mPEG 5k −PheLA n Diblock Polymer. A diblock polymer of mPEG 5k −PheLA n was synthesized by following similar procedures as described in section 2.2 by using mPEG 5k −OH as the initiator. The conversion of Phe−OCA was determined by FT-IR by monitoring the disappearance of the Phe-OCA anhydride band at 1812 cm −1 . After Phe-OCA was completely consumed, the reaction was stopped by quenching the polymerization reaction with cold methanol solution (300 μL). The polymer was precipitated with ether (50 mL) collected by centrifugation and dried by vacuum. The molecular weight and MWD of the obtained mPEG 5k −PheLA n were accessed by GPC (M n = 26.0 kDa, MWD = 1.19, Table 1 ).
2.4. Synthesis of 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)−PheLA 25 conjugates. The NH 2 − PheLA 25 conjugate was synthesized by following a procedure similar to that described in section 2.3 by using ethanolamine as the initiator. In a reaction vial containing NH 2 −PheLA 25 conjugates (23.5 mg, 0.004 mmol) was added an anhydrous dimethylformamide (DMF) solution (0.5 mL) of DOTA-NCS (2.2 mg, 0.018 mmol) and triethylamine (3.6 mg, 0.036 mmol). The reaction mixture was stirred for 4 h under nitrogen at room temperature (rt). The solvent and triethylamine were removed under vacuum to give DOTA−PheLA 25 , which was used directly without further purification.
2.5. General Procedure for the Preparation and Characterization of Drug−PheLA n NCs. Ptxl−PheLA n , (Doxo−PheLA n or Dtxl−PheLA n ) conjugate were prepared by following the similar procedure as described in section 2.2 by using the corresponding drug as the initiator for the polymerization of Phe−OCA in the presence of (BDI-EI)ZnN(TMS) 2 . A DMF solution of the drug−PheLA n conjugate (100 μL, 10 mg/mL) was added dropwise to nanopure water (2 mL). The resulting drug−PheLA n NCs were washed by ultrafiltration (5 min, 3000 × g, Ultracel membrane with 10 000 NMWL, Millipore, Billerica, MA, USA), collected from the residue and then characterized by DLS for particle sizes and size distributions, and by HPLC for drug loadings by following the reported procedures. The collected yellow oily compound after removal of the solvents was dissolved in trace of phosphoric acid:methanol (1:1, v/v) solution (500 μL). The pH of the solution was tuned to 3−4 by NaOH (0.1 M). The resulting solution was extracted with chloroform (5 × 10 mL). The organic phase was then dried by magnesium sulfate. After the organic solvent was evaporated, a slight yellow solid was obtained. The solid was analyzed by HPLC and its spectrum was compared with the authentic Cpt, showing that the released compound has identical elution time as to the authentic Cpt.
2.7. Release Kinetic Study of Cpt−PheLA n NCs. Cpt−PheLA 25 NCs were prepared by nanoprecipitation as previously described. Cpt−PheLA 25 (10 mg, 0.002 mmol) was dissolved in DMF (1 mL) to prepare a stock solution of 10 mg/mL. The DMF solution of Cpt− PheLA 25 (200 μL) was dropwise added to a vigorously stirred water solution (4 mL). The NCs were collected and purified by ultrafiltration (5 min, 3000 × g, Ultracel membrane with 10 000 NMWL, Millipore, Billerica, MA, USA). The collected NCs were dispersed in human serum buffer (human serum:phosphate-buffered saline (PBS) = 1:1, v/v, 5 mL), divided into 10 equal-volume portions, and added to 10 eppendorf microcentrifuge tubes (500 μL NC solution in each tube). The tubes were incubated at 37°C. Complete release of Cpt from NC was predetermined by the hydrolysis mentioned above in the Section 2.6. At scheduled time points, two tubes were taken out, to which methanol (500 μL) was added to precipitate proteins. The precipitates were removed by centrifugation (5 min, 15000 × g). The supernatant then was injected into HPLC for analysis of the released Cpt. For the HPLC analysis, acetonitrile:water (containing 1% TFA) was used as the mobile phase. The gradient for acetonitrile:water (containing 1% TFA) was changed linearly from 25:75 to 75:25 over 30 min and then kept at 75:25 for 30 min and changed back to 25:75 over 5 min; the flow rate was 1.0 mL/min. Analytical C18 column (Luna C18, 250 × 4.6 mm, 5 μ, Phenomenex, Torrance, CA, USA) was used to perform the analysis. The integrated area of the Cpt peak was documented and compared with that of 100% released Cpt to determine the released Cpt.
2.8. Formation and Characterization of Cpt−PheLA 100 NCs in Human Serum (50%). A Cpt−PheLA 100 DMF solution (100 μL, 10 mg/mL) was dropwise added into nanopure water (2 mL) (DMF:water = 1:20, v/v). The obtained NCs were dispersed in human serum buffer (human serum:PBS = 1:1, v/v). The particle sizes were measured by DLS and followed over 60 min.
2.9. Lyophilization of Cpt−PheLA 100 NCs with Human Serum Albumin (HSA). A Cpt−PheLA 100 DMF solution (100 μL, 10 mg/ mL) was dropwise added to vigorously stirred nanopure water (2 mL). The resulting NCs were analyzed by DLS. HSA was then added into the NC solution. The mixture was lyophilized for 16 h at −50°C to obtain a white powder. The white powder was reconstituted in nanopure water (2 mL), and the solution was stirred for 5 min at rt. The resulting NC solution was analyzed by DLS to assess NC size and size distribution.
2.10. Determination of the CMC of mPEG 5k −PheLA 100 and mPEG 5k −PLA 100 . The CMCs of mPEG 5k -PheLA 100 and mPEG 5k -PLA 100 were determined using Nile Red (Sigma, St Louis, MO, USA) as an extrinsic probe. Serial solutions with fixed Nile Red concentration of 6 × 10 −7 M and various concentrations of mPEG 5k −PheLA 100 and mPEG 5k −PLA 100 between 3.9 × 10 −5 and 0.5 mg/mL were prepared. Fluorescence spectra were obtained at rt. Fluorescence measurements were taken at an excitation wavelength of 557 nm, and the emission was monitored from 580 to 750 nm. Excitation and emission slit widths were both maintained at 10.0 nm, and spectra were accumulated with a scan speed of 500 nm/min.
2.11. Determination of the cytotoxicity of Cpt−PheLA n NCs. MCF-7 cells were placed in a 96-well plate for 24 h (10 000 cells per well). Cells were washed with prewarmed PBS (100 μL). Freshly prepared Cpt−PheLA 25 , Cpt−PheLA 50 , and Cpt−PheLA 100 NCs (prepared in 1 × PBS, 100 μL) were added to the cells. Cpt was used as a positive control. Untreated cells and PheLA NCs without Cpt were used as negative controls in this MTT assay. The Cpt− PheLA n NCs (n = 25, 50, and 100) were applied to MCF-7 cells at a concentration up to 0.5 μg/mL. The cells were incubated for 72 h in a 5% CO 2 incubator at 37°C. The standard MTT assay protocols were followed thereafter. 4 OAc buffer (pH = 5.5, 0.1 M, 0.5 mL). The mixture was incubated for 1 h at 60°C. To determine the labeling efficiency, the NCs were washed by ultrafiltration (10 min, 3000 × g, Ultracel membrane with 10 000 NMWL, Millipore, Billerica, MA, USA), and the radioactivity in the supernatant and the NC solution was measured at different time points, respectively ( Figure S6a ). The purified 64 Cu-labeled PheLA 25 NCs were used for injection.
2.13. In Vivo Biodistribution Study of 64 Cu-Labeled PheLA 25 NCs. Six female athymic nude mice bearing MCF-7 human breast cancer xenografts (6−8 weeks) were divided into two groups (n = 3), minimizing the weight differences. The two groups of mice were treated with 64 Cu-labeled mPEG 5k −PLA 100 NCs and 64 Cu-labeled mPEG 5k −PheLA 100 NCs at a dose of 35 μCi intravenously, respectively. Mice were euthanized 24 h post injection. The major organs (liver, spleen, kidney, heart, and lung), as well as MCF-7 subcutaneous tumors were collected, weighed, and measured for radioactivity ( 64 Cu) with a γ-counter (Wizard2, Perkin-Elmer, USA) using appropriate energy window centered at a photo peak of 511 keV. Raw counts were corrected for background, decay, and weight. Corrected counts were converted to microcurie per gram of tissue (μCi/g) with a previously determined calibration curve by counting the 64 Cu standards ( Figure S6b ). The activity in each collected tissue sample was calculated as the percentage of the injected dose per gram of tissue (% I.D./g). For this calculation, the tissue radioactivity was corrected for the 64 Cu decay (T(1/2) = 12.7 h) to the time of γ-well counting.
2.14. Pharmacokinetic Study of 64 Cu-Labeled PheLA 25 NCs. Six female athymic nude mice (6−8 weeks) were divided into two groups (n = 3), minimizing the weight differences. The two groups of mice were treated with 64 Cu-labeled mPEG 5k −PLA 100 NCs and 64 Culabeled mPEG 5k −PheLA 100 NCs intravenously at a dose of 35 μCi, respectively. Blood was collected intraorbitally from mice at scheduled time points (0, 0.5, 1, 2, 5, 10, and 22 h) for pharmacokinetic profiling. The collected blood samples were weighed and measured for radioactivity ( 64 Cu) with a γ-counter (Wizard2, Perkin-Elmer, USA) using an appropriate energy window centered at a photo peak of 511 keV. Raw counts were corrected for background, decay, and weight. Corrected counts were converted to microcurie per gram of tissue (μCi/g) with a previously determined calibration curve by counting the 64 Cu standards ( Figure S6b ). The activity in each collected blood sample was calculated as the percentage of injected dose per gram of blood (% I.D./g). For this calculation, the blood radioactivity was corrected for the 64 Cu decay to the time of γ-well counting. 2.15. In Vivo Biocompatibility Study of mPEG 5k −PheLA 100 NCs. Six female athymic nude mice (6−8 weeks) were divided into two groups (n = 3), minimizing the weight differences. In three mice, mPEG 5k −PheLA 100 NCs were administered intravenously (200 μL, 25 mg/mL) via lateral tail vein at a dose of 250 mg NC/kg. The other three mice received intravenous PBS, and served as a sham control group. The animals were euthanized 24 h later by carbon dioxide. Organs including heart, lung, liver, spleen, kidney, and intestine were collected following by flash freezing in optimum cutting temperature (O.C.T.) compound (Sakura Finetek USA, Torrance, CA, USA). Tissues were sectioned using a cryostat at a thickness of 10 μm, stained with hematoxylin and eosin for microscopic examination. Characterization of all the collected tissues for inflammatory cell infiltrate including macrophages and neutrophils was performed by a Nanozoomer Digital Pathology System (Hamamatsu) at 20 × magnification and analyzed by an independent pathologist.
Statistical Analyses. Student's t-test comparisons at 95% confidence interval were used for statistical analysis. The results were deemed statistically significant at 0.01 < *p ≤ 0.05, highly significant at 0.001 < **p ≤ 0.01, and extremely significant at ***p ≤ 0.001.
RESULTS AND DISCUSSION
The OCA can be synthesized from L-phenylalanine in a large scale with high purity ( Figure S1 ). The diazontization of Lphenylalanine with sodium nitrite provided pure 2-hydroxyl-3-phenylpropanoic acid with satisfactory yield (>75%). Condensation of the resulting α-hydroxyl acid with phosgene by following the reported procedures 24, 25, 28 produced the corresponding 1,3-dioxolane-2,4-diones, or phenyl O-carboxyanhydrides (Phe-OCA). Phe-OCA was obtained in high yield (>50%) as white crystalline solid after recrystallization in a glovebox. (Figure 1) The Bourissou group previously reported the ROP of Ala-OCA, an OCA derived from alanine, by using 4-dimethylaminopyridine (DMAP) as the catalyst. 29 However, no polymerization of Phe−OCA was observed when DMAP was used as the catalyst and Cpt was used as the initiator, presumably due to the low reactivity of the tertiary 20-OH of Cpt and increased steric encumbrance of the Phe−OCA compared to Ala−OCA. We attempted to use more reactive metal catalysts than what we previously used in drug-initiated lactide polymerization and functional group transformation. It is known that a metal alkoxide (MOR) can be prepared in situ by mixing a hydroxyl containing compound (R−OH) with a metal-amino complex and subsequently used to initiate ROP of cyclic esters. 32 We first tested the feasibility of forming a Cpt−metal complex. (BDI-EI)ZnN(TMS) 2 (Figure 1a) , an active catalyst developed by Coates and co-workers for the polymerization of LA, 32 was dissolved in THF to give a colorless solution. When this solution was added to a vial containing Cpt powder (1 equiv relative to (BDI-EI)ZnN-(TMS) 2 ), and the mixture was stirred for 20 min, Cpt was completely dissolved, and the color of the solution gradually turned to orange. In the absence of (BDI-EI)ZnN(TMS) 2 , however, Cpt remained insoluble in THF, and there was no color change of the solution. The sharp contrast of the solubility of Cpt in the presence and absence of (BDI-EI)ZnN(TMS) 2 and the color change after Cpt was mixed with (BDI-EI)ZnN(TMS) 2 suggested that there was a reaction between Cpt and (BDI-EI)ZnN(TMS) 2 , and (BDI-EI)Zn-Cpt alkoxide was possibly formed (Figure 1b) . 33 When 25 equiv of Phe−OCA was added to the mixture of (BDI-EI)ZnN(TMS) 2 / Cpt, Phe−OCA polymerization was observed to proceed rapidly and completed in 12 h with >98% OCA conversion. The M n of the resulting Cpt−poly(Phe-OCA) 25 , or Cpt− PheLA 25 , was 4.3 × 10 3 g/mol, which was in excellent agreement with the expected MW (3.9 × 10 3 g/mol) (entry 1, Table 1 ). Controlled polymerizations were also observed for polymerization at Phe−OCA/Cpt ratios of 50 and 100 (entries 2 and 3, Table 1 ). The MWs followed a linear correlation with the Phe−OCA/Cpt ratios (Figure 2a ). All three drug-polymer conjugates had narrow MWDs (Table 1) , evidenced by their monomodal GPC curves (Figure 2b ). In addition, in order to confirm the successful conjugation of Cpt to the polymer chain a Abbreviations: NC = nanoconjugates; NP = nanoparticles; encap. = encapsulation; conj. = polymerization and nanoprecipitation; M/I = monomer/ initiator ratio; wt feeding = weight feeding of Cpt/polymer; eff = for nanoconjugates, which is incorporation efficiency, the percent of therapeutic agent utilized in the initiation of Phe−OCA polymerization and for NPs, which is encapsulation efficiency; PDI -polydispersity derived from particle size using DLS; Cpt = camptothecin. NCs are named as Cpt−PheLA M/I , NPs are named as drug wtfeeding% /mPEG−PheLA 100 . b Based on the reversedphase HPLC analysis of unincorporated drug.
c Characterized using dynamic light-scattering. by the ROP strategy, we prepared Cpt−PheLA 15 and analyzed its end group by MALDI-TOF MS ( Figure S4 ). The result clearly showed that Cpt was convalently conjugated to the PheLA n , and the Cpt lactone ring remained intact after polymerization. To study whether this strategy could be also applied to other hydroxyl group-containing therapeutic reagents, we selected paclitaxel (Ptxl), doxorubicin (Doxo) and docetaxel (Dtxl), and evaluated their capability of initiating the ROP of Phe−OCA in the presence of (BDI-EI)ZnN-(TMS) 2 . When mixed with (BDI-EI)ZnN(TMS) 2 , all these tested drugs could initiate controlled ROP of PheOCA with nearly 100% drug incorporation efficiency and 100% monomer conversion (Table S1 ). Drug loading, particle size, and release kinetics are critical properties of a nanoparticulate drug delivery system. 34 Polymeric NPs are typically prepared via coprecipitation of polymer and drugs. 35 However, the drug loadings of polymeric NPs prepared from conventional coprecipitation of polymer and drug can be very low. For instance, we used Cpt/mPEG− PheLA 100 (5:95, wt/wt) to prepare Cpt-containing NPs and obtained Cpt/mPEG−PheLA 100 NP with diameter of 134 nm and a fairly large polydispersity of 0.27 (entry 4, Table 2 ). The drug loading was only 1.4% with the loading efficiency as low as 28.1%. When Cpt and mPEG−PheLA 100 were mixed at a ratio of 25:75 (w/w) in attempts to increase drug loading, the drug loading of the resulting Cpt/mPEG−PheLA 100 NP remained unchanged (1.4%, entry 5, Table 2 ); the loading efficiency further decreased to 5.5%, substantiating that it is impossible to increase drug loading of an encapsulated polymeric NP by simply mixing more drug with polymer. Furthermore, unencapsulated Cpt tends to be self-aggregated and resulted in heterogeneous compositions, 33 evidenced by the observation of larger particles around 250−300 nm in addition to the Cptencapsulated mPEG−PheLA 100 NP at 100−125 nm ( Figure  S5 ). In contrast, NPs prepared from Cpt−PheLA n conjugates, termed NCs in this study, successfully addressed all these issues. For the polymerization at PheLA−OCA/Cpt ratios of 25:1, 50:1, and 100:1, no free Cpt was detected in the polymer solution after the polymerization was completed (ii, Figure 2c ), indicating 100% drug incorporation efficiency. No Cpt released was observed during nanoprecipitation of Cpt−PheLA n conjugates, the drug loading efficiencies of Cpt−PheLA n NCs were essentially 100% (entries 1−3, Table 2 ). The drug loadings of NCs can be predetermined by PheLA−OCA/Cpt ratios used for polymerization. At the PheLA−OCA/Cpt ratio of 25, Cpt−PheLA 25 NC drug loading is 8.5%, 6 times higher than that of Cpt/PheLA NPs (entries 3 vs 5, Table 2 ). NCs with sub-100 nm size and narrow size distributions were obtained (entry 1−3, Table 2 ; Figure 3a) . The narrow size distributions of NCs were in sharp contrast to the multimodal particle distributions observed in the Cpt-encapsulated PheLA NPs ( Figure S5 ), which could be attributed to the quantitative drug incorporation and well-defined structure of Cpt−PheLA n conjugates, which excluded the possibility of self-aggregation of Cpt and consequently reduced heterogeneities (Figure 3a ; Figure S5 ). Cpt was conjugated to the PheLA polymer through ester linkages and could be released from NCs subjected to the hydrolysis of ester bonds in physiological conditions. To better mimic physiological conditions, we performed the release kinetic study of Cpt from Cpt−PheLA n NCs in the 50% human serum buffer. The released Cpt from Cpt−PheLA n NCs has an identical HPLC elution time with authentic Cpt, indicating it has identical molecular structure with authentic Cpt without any Cpt-carboxylic acid formed (iii, Figure 2c ). The release kinetics of Cpt from Cpt−PheLA n NCs was correlated with the drug loading (polymer chain length) (Figure 3c ). Hennink group has reported a backbiting mechanism to explain this polymer chain length dependent release. 36 In our system, the degradation mechanism may be different because: (1) we used high molecular weight polymer; the backbiting in highmolecular weight polymer would get more difficult (2) the monomer Phe-OCA has a more bulky phenyl group on the side chain than the methyl group of LA, and such steric hindrance would further retard the backbiting process that requires the formation of a six-membered ring intermediate state. We suggested that the lower the drug loading (longer Cpt−PheLA n polymer chain), the slower the drug release, presumably because longer polymer chains resulted in stronger hydrophobic interactions, which made it more difficult for the access of Cpt−PheLA n ester linkages to aqueous environment for Cpt release via hydrolysis. However, we cannot exclude the possibility that during the degradation, the small-molecular weight chain scission products may have such backbiting mechanism. The details of the release mechanism need to be further explored. The in vitro toxicities of NCs are correlated to the amount of Cpt released; they show strong correlation with drug loadings (Figure 3d ). The IC 50 values of Cpt−PheLA 25 , Cpt−PheLA 50 , and Cpt−PheLA 100 NCs with similar sizes (≈ 100 nm), which were determined by MTT (MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays in MCF-7 cells, are 116, 711, and 3326 nM, respectively. The IC 50 value of Cpt−PheLA 25 NC is about 3 times higher than that of free Cpt (38 nM), while the IC 50 value of the Cpt− PheLA 100 NC is 2 orders of magnitude higher. As a result, the toxicity of the NCs can be tuned in a wide range simply by controlling NC drug loading. In all three NCs tested, no burst release was observed, while Cpt molecules were completely released from Cpt-encapsulated mPEG-PheLA 100 NP within 24 h (Figure 3c ). For potential clinical application and minimizing drug release prior to use, it is desirable to formulate NCs in solid form. 37 We previously reported that albumin could function as lyoprotectants to prevent PLA-based NCs from aggregation during lyophilization. 16 We attempted to use HSA as lyoprotectants of Cpt−PheLA n NC solid formulation. Figure  3b demonstrates that HSA could effectively protect the solid form of Cpt−PheLA n NCs from aggregation; the lyophilized Cpt−PheLA NC 100 NCs redispersed in aqueous solution maintained narrow particle size distribution and size nearly identical to that of the parental NCs. 64 Cu-labeled PEGylated PLA 100 NCs via i.v. injection, respectively. Blood was taken from the mice retroorbitally at different time points (0 h, 0.5 h, 1 h, 2 h, 5 h, 10 h, and 22 h) and the radioactivity in the blood was determined using a γ-counter. Statistical significance analysis were assessed by Two-Sample Unpaired Student's t-test; 0.01 < p ≤ 0.05 and p ≤ 0.01 are considered statistically significant and highly significant and are denoted as "*" and "**" respectively, in the figure.
(c) Six athymic nude mice were divided into two groups (n = 3) and injected with 64 Cu labeled PEGylated PheLA 100 NCs and PLA 100 NCs via i.v. injection, respectively. Mice were euthanized after 24 h, and the major organs were collected. The radioactivity in each organ was determined using a γ-counter. The fidelity of utilizing γ-counter for quantitative radioactivity analysis in biological tissues was verified in a series of control studies. All the organ distribution data were presented as percentage of injected dose per gram of tissue (% I.D./g tissue). We next compared the difference of PheLA-based NCs with PLA-based NCs and first evaluated their stability in human serum. Surface modification of NPs with PEG is widely used for prolonged systemic circulation, reduced aggregation of NPs in blood, 38 and suppressed nonspecific absorption of protein. 39 To reduce the efforts of removing unreacted reagents and byproducts, we attempted to use the noncovalent approach to PEGylate the NC surface instead of covalently conjugating PEG to NCs. 34, 35 We used mPEG−PheLA 100 , an amphiphilic copolymer that has a PheLA block of 21 kDa and mPEG segment of 5 kDa, 40 to PEGylate Cpt−PheLA 25 NCs. It is expected that the PheLA block of mPEG−PheLA 100 could form a strong interaction with NCs through hydrophobic interaction to create a stable PEG shell as shown in Figure 1b . A similar approach has been used previously in NP surface PEGylation. 41 Dropwise addition of the mixture of mPEG−PheLA 100 and Cpt−PheLA 25 to fast stirring nanopure water resulted in rapid PEG coating of Cpt−PheLA 25 NCs. The resulting PEG coated NCs likely formed the core−shell nanostructure with hydrophobic Cpt−PheLA 25 as the core and PEG as the shell, and the particle size remained unchanged in 50% human serum buffer for 5 days (Figure 4a ). In comparison, the size of PEGylated Cpt−LA 25 NCs prepared by same strategy with mPEG−LA 100 was found to increase from 122 to 175 nm under the same conditions (Figure 4a ), presumably due to the slow depletion of PEG shell from the mPEG−PLA/Cpt−LA 25 NC surface. This study suggests that increased polymer chain−chain interaction can indeed improve the surface PEGylation stability and facilitates NCs' in vivo application. Because PheLA n has stronger hydrophobic interaction than LA n , and the corresponding PheLA n NCs should be more stable against dilution and have a relatively low CMC. The CMC of mPEG-LA 100 NC was determined to be 0.045 mg/mL. As expected, the CMC of mPEG-PheLA 100 NC was 50% lower (0.022 mg/mL) ( Figure  4b ). Upon 100 time dilution, the mPEG-LA 100 NC size increased by 30% from 110 to 143 nm, while mPEG-PheLA 100 NC size only increased by 10% from 108.8 to 119.9 nm ( Figure  4c) . Thus, under a dilute condition when mPEG-LA 100 NC is likely completely dissembled, mPEG-PheLA 100 NC might still keep its nanostructures as illustrated in Figure 4d .
Biomacromolecules
We then evaluated whether increased stability of PheLA NC PEGylation would lead to prolonged in vivo circulation and enhanced pharmacological performance by comparing the pharmacokinetics (PK) and in vivo biodistribution of PEGylated PheLA NCs and PLA NCs. For the PK study, 64 Cu-labeled PEGylated PheLA 100 NCs and 64 Cu-labeled PEGylated LA 100 NCs (Figure 5a ) were administered to mice (n = 3) through tail vein intravenous (i.v.) injection, respectively. At predetermined time points, a small volume of blood was taken from orbital sinus and collected for quantitative measurements. Concentrations of PEGylated PheLA 100 NCs in the blood within the first 5 h postinjection were nearly twice as much as the PLA counterparts (p < 0.05 at t = 1 and 2 h and p < 0.01 at t = 5 h), showing that PEGylated PheLA NCs were cleared from blood much slower than PEGylated LA 100 NCs (Figure 5b ). For the in vivo biodistribution study, 64 Cu-labeled PEGylated PheLA 100 NCs and 64 Cu-labeled PEGylated PLA NCs (50 mg/kg) were injected via lateral tail vein injection into MCF-7 human breast tumor bearing athymic nude mice (n = 3), respectively. Twenty-four hours post injection, normal and tumor tissues were harvested, and the 64 Cu radioactivities in the liver, heart, spleen, kidney, lung, blood, and tumor tissues were assessed and normalized against the total injected dose and tissue mass (%I.D./g) (Figure 5c ). The majority of NCs accumulated in the liver and the spleen; while lesser concentrations of NCs were localized in the respiratory and the urinary systems. PEGylated PheLA 100 NCs showed improved tumor accumulation by 50% compared to PEGylated LA 100 NCs (Figure 5c ).
The safety profile of PheLA NC is one of significant parameters to determine its potential for drug delivery applications. 42 To evaluate it, we first used MCF-7 cells to perform the MTT assay to determine the toxicity of the PheLA NCs. Figure 6a showed cell viability results of PheLA 100 NCs and PEGylated PheLA 100 NCs after 72-h incubation at 37°C. As expected, both NCs did not show noticeable toxicities at a concentration up to 10 mg/mL, which is much higher than the in vivo used NC concentration. Acute in vivo toxicity experiments were also performed by i.v. administration of PEGylated PheLA 100 NCs in athymic nude mice at very high dose of 250 mg/kg. Mice treated with PBS were set as a control group. There was no mortality observed in any group. In addition, there were no treatment related clinical signs and change of body weights of the mice. Representative sections of various organs taken 24 h post-injection from the control mice receiving PBS and the mice receiving PEGylated PheLA 100 NCs were stained by hematoxylin and eosin, and evaluated by an independent pathologist (Figure 6b ). The absence of immune or inflammatory reactions after NC administration supports their lack of toxicity.
CONCLUSION
In conclusion, we developed a strategy of using Cpt-initiated controlled ROP of Phe−OCA followed by nanoprecipitation to prepare Cpt−PheLA NCs, a class of PLA-like NCs with enhanced polymer hydrophobicity and drug covalently conjugated to the polymers via ester linkages. NCs with wellcontrolled properties such as predefined drug loadings, quantitative loading efficiencies, controlled release kinetics without "burst" release, and narrow size distributions are readily obtainable. This strategy can be applied to the conjugation of numerous other hydroxyl-containing drugs to polyester NPs, among which include paclitaxel, doxorubicin, and docetaxel demonstrated in this study. The PEGylated PheLA NCs exhibited enhanced stability in human serum and dilute solution compared to PLA-based NCs, and thereby efficiently reduced premature disassembly in circulation. Enhanced surface PEGylation facilitated protracted in vivo circulation of PheLA NCs and subsequently increased their accumulation in tumors. The PheLA NCs are novel, biocompatible nanoparticlulate delivery vehicles that can potentially be used for drug delivery applications.
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